We first present a model-independent analysis using flavor SU(3) symmetry with SU(3) breaking effects in B decays to two charmless vector mesons (V V ) in the final state. In order to bridge the flavor SU(3) symmetry approach and the factorization approach in B → V V decays, we explicitly show how to translate each SU(3) amplitude into a corresponding amplitude in factorization. Various decay modes, including B → K * φ which is so far the only B → V V mode having some experimental evidence, are discussed in both the SU(3) symmetry and factorization approaches. Within the generalized factorization approximation, the flavor SU(3) amplitudes and SU(3) breaking effects are numerically estimated as a function of the parameter ξ ≡ 1/N c (N c the effective number of color).
The CLEO Collaboration [1, 2] has reported information on branching ratios of a number of exclusive decay modes where B decays into a pair of pseudoscalars (P ), a vector (V ) and a pseudoscalar meson, or a pair of vector mesons. Some decay modes like B + → ωπ + , B + → ωK + and B → K * φ have been observed for the first time and in other decay modes improved bounds have been put. Motivated by this new information many works have been done in the framework of factorization approximation [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] to understand two-body B decays such as B → P P , V P and V V , or in the context of flavor SU(3) symmetry (SU(3) F ) [14] [15] [16] [17] to analyze B → P P and V P decays.
The generalized factorization approximation has been quite successfully used in two body D decays as well as B → D decays [18] . The method includes color octet nonfactorizable contribution by treating ξ ≡ 1/N c (N c denotes the effective number of color) as an adjustable parameter. But, the validation of this approach in B decays to light mesons such as B → P P, V P and V V is not justified by experiment yet. Furthermore, the numerical results like branching ratios obtained in this method is quite sensitive to several parameters involved in those decay, among which some parameters like a Cabibbo-Kobayashi-Maskawa (CKM) matrix element V td and certain form factors are not so far well known.
On the other hand, there exists a different approach which is purely based on flavor SU(3) symmetry. In this method, the decay amplitudes of two body B decays are decomposed into linear combinations of the SU(3) F amplitudes which are reduced matrix elements defined in Ref. [14] . This approach, though more general, lacks detailed predictions that one can make using the generalized factorization.
In this paper we attempt to bridge these different approaches in B → V V decays. For this goal, we first present the SU(3) F analysis with broken SU(3) F symmetry in B → V V decays. Then each SU(3) F amplitude involved in the processes B → V V is translated into a corresponding amplitude in factorization and SU(3) F breaking effects as well as each SU(3) F amplitude are numerically estimated as a function of the parameter ξ. Various decay modes are discussed in both the SU(3) F and factorization approaches.
Since there are three possible partial waves in the final state, B → V V decays are more complicated than B → P P or V P decays. Three independent helicity amplitudes for the decay B(p) → V 1 (p 1 , ǫ 1 )V 2 (p 2 , ǫ 2 ) are given by [10, 11] 
where λ is the helicity of the final-state vector mesons V 1 and V 2 in the rest frame of B meson. The helicity amplitudes can be expressed by three invariant amplitudes a, b, c, as follows:
where p i and ǫ i are the four-momentum and polarization vector of the V i meson, respectively, and p = p 1 + p 2 is the four-momentum of the B meson. For the SU(3) F analysis of B → V V decays, these partial waves in the final state need to be separated out. We will assume that this can be done by certain methods such as one using angular distributions of B decays [19] . In SU(3) F decomposition of decay amplitudes of the B → V V modes, we choose the notations given in Refs. [14] [15] [16] [17] as follows: we represent the decay amplitudes in terms of the basis of quark diagram contributions T (tree), C (color-suppressed tree), P (QCDpenguin), S (additional penguin effect involving SU(3) F -singlet mesons), E (exchange), A (annihilation), and P A (penguin annihilation). (Here we have omitted the helicity index in all the above SU(3) F amplitudes; i.e., T ≡ T λ , C ≡ C λ and so forth. From now on, it is understood that the helicity index on the amplitudes is omitted unless it is specified.) The amplitudes E, A and P A may be neglected to a good approximation because of a suppression factor of f B /m B ≈ 5%. (It has been pointed out that in some decay modes these contributions may not be neglected [13] . We will remark this later.) For later convenience we also denote the electroweak (EW) penguin effects explicitly as P EW (color-favored EW penguin) and P C EW (color-suppressed EW penguin), even though in terms of quark diagrams the inclusion of these EW penguin effects only leads to the following replacement without introducing new SU(3) F amplitudes :
P EW . For SU(3) F breaking diagrams we use the notations defined in [15] . The phase convention used for the vector mesons is
In the factorization approach, we first consider the next-to-leading order effective Hamiltonian. We then use the generalized factorization approximation to derive hadronic matrix elements by saturating the vacuum state in all possible ways. The effective weak Hamiltonian for hadronic ∆B = 1 decays can be written as
where O i 's are defined as
Here c i 's are the Wilson coefficients (WC's) evaluated at the renormalization scale µ. L(R) = (1 ∓ γ 5 )/2, f can be u or c quark, q can be d or s quark, and q ′ is summed over u, d, s, and c quarks. α and β are the SU(3) color indices, and T a (a = 1, ..., 8) are the SU(3) generator with the normalization T r(T a T b ) = δ ab /2. g s and e are the strong and electric coupings, respectively. G a µν and F µν denote the gluonic and photonic field strength tensors, respectively. O 1 , O 2 are the tree-level and QCD-corrected operators. O 3−6 are the gluoninduced strong penguin operators. O 7−10 are the EW penguin operators due to γ and Z exchange, and box diagrams at loop level. We shall take into account the chromomagnetic operator O 11 , but neglect the small contribution from O 12 [12, 13] .
First, we list the B → V V decay modes in terms of the SU(3) F amplitudes. The coefficients of SU(3) F amplitudes in B → V V are listed in Tables I and III for strangenessconserving (∆S = 0) and strangeness-changing (|∆S| = 1) processes, respectively. The SU(3) F breaking effects are shown in Tables II and IV . Here we use the notations for SU(3) F breaking diagrams relevant to the singlet contribution S (′) in the similar way to the P (′) case. In B → K * φ the SU(3) F breaking effects are expected to be large and are denoted as P (3) and so on. In the tables, unprimed and primed letters denote ∆S = 0 and |∆S| = 1 processes, respectively. For later purpose the superscript, V 1 or V 2 , on each SU(3) F amplitude is used to describe which vector meson (V 1 or V 2 ) includes the spectator quark in the corresponding quark diagram. In SU(3) F limit the SU(3) F amplitudes with the same quark diagram contribution but the superscript are in fact equivalent: i.e.,
′V
V and so forth. Thus, for instance, in SU(3) F limit the amplitude of the decay B 0 → ρ 0 ω has only penguin contributions since (1/2)C V 1 + (−1/2)C V 2 = 0. Among the ∆S = 0 amplitudes the tree contribution T V is expected to be largest so that the decays 
, the decay rates of these modes will be very small because of the Okubo-ZweigIizuka (OZI) suppression (see below). However this is not the case for the |∆S| = 1 decays with only penguin contributions such as B + → K * 0 ρ + , K * + φ and B 0 → K * 0 φ, since the branching ratios for those decay modes can be enhanced by the ratio of the CKM elements |V * tb V ts |/|V * ub V us | ≈ 50. In the |∆S| = 1 decays, the amplitude P ′V is expected to be the dominant contribution. The singlet amplitude S ′V is expected to be smaller and may be relatively unimportant [17] ; like the case of B → V P (e.g., B → ωK and φK) this amplitude would involve a coupling of the final-state vector mesons ω and φ, and it violates the OZI rule which favors connected quark diagrams. In B → V P decays the similar amplitude s [17] contributes only to decays involving the pseudoscalar mesons η and η ′ and is expected not to be very small since the flavor-singlet couplings of the η and η ′ can be affected by the axial anomaly [20] . However, in the framework of factorization, the contribution of S ′V strongly depends on ξ and could be comparable to the contribution of P ′V for some values of ξ as shown in Table  V . This ξ dependence arises from the fact that S ′V is proportional to the effective coefficient (a 3 + a 5 ) as in Eq. (17) below. The value of the effective coefficient (a 3 + a 5 ) changes very sensitively depending on ξ; for example, from −(187 + 28i) × 10 −4 at ξ = 0.5, to +3 × 10
at ξ = 1/3, and to +(383 + 58i) × 10 −4 at ξ = 0 [13] . We note that the contribution of S ′V is highly suppressed at near ξ = 1/3. The amplitude P ′V is proportional to the effective constant a 4 as in Eq. (17) and the value of a 4 is much less sensitive to ξ; for instance, from −(402 + 72i) × 10 −4 at ξ = 0.5, to −(439 + 77i) × 10 −4 at ξ = 1/3, and to −(511 + 87i) × 10
at ξ = 0. Thus one can expect in the factorization approach that in some decay modes which have both of the penguin contributions P ′V and S ′V , these two contributions interfere constructively or destructively, depending on ξ; the interference is constructive for ξ = 0.5, but the interference is destructive for ξ = 1/3 and ξ = 0. In particular, for ξ = 0, the destructive interference is so large that the relevant decay rate is expected to be reduced in a large amount. This is the case of the process B → K * φ [21], which is the only B → V V mode having some experimental evidence so far. The CLEO Collaboration has reported an averaged branching ratio BR(B → K * φ) = (1.1
−0.5 ± 0.2) × 10 −5 when charged and neutral modes are combined [2] . The amplitudes of decays B + → K * + φ and B 0 → K * 0 φ can be expressed as Table III ). So in factorization the branching ratios of these modes are expected to have the smallest values at ξ = 0 (see Figure 1 ), which are in fact incompatible with the experimental data. It has been shown that the experimentally favored values of ξ are 0.4 ≤ ξ ≤ 0.6, which are quite different from the values of ξ implied by analyses of B → V P decays [9, 13] . Improved measurements of the branching ratios of the decay modes B + → K * + φ and B 0 → K * 0 φ will provide crucial information for test of the factorization ansatz.
One can test the OZI suppression of the S ′V amplitude by measuring the branching ratios of B + → K * + ρ 0 and B + → K * + ω decays. The amplitudes of these processes can be described as −
EW ), respectively. So (in nonet symmetry) the branching ratios of both decays are expected to be similar, if S ′V is highly suppressed. In addition, if the contribution of T ′V and C ′V is much smaller than that of P ′V , the branching ratios of B + → K * + ρ 0 and B + → K * + ω will be of the same order as that of B + → K * 0 ρ + whose amplitude is only
EW . In the B + → K * + φ mode, the SU(3) F breaking effect is expected to be sizable; naively, (f φ m φ )/(f ρ m ρ ) ≈ 1.24. After obtaining the information about the S ′V suppression, one may measure the SU(3) F breaking by comparing the rates of decays B + → K * + φ and B + → K * 0 ρ + . Each SU(3) F amplitude can be measured through certain decay processes. In ∆S = 0 decays, the strong penguin contribution P V (combined with very small color-suppressed EW penguin contribution) is measured in
The singlet contribution (combined with color-favored EW penguin)
→ ωφ, even though the branching ratios of these modes seem to be much smaller than those of the dominant modes B + → ρ + ρ 0 and ρ + ω. The dominant contribution T V is measured in B 0 → ρ + ρ − and the color-suppressed contribution C V is measured by the combination
(Here the helicity index λ is omitted.) Similarly, in |∆S| = 1 decays, the dominant contribution P ′V is measured in B + → K * 0 ρ + and the singlet contribution (combined with color-favored EW penguin)
EW and color-suppressed (combined with color-favored EW penguin) c
From Tables I−IV , one can easily find some useful relations among the decay amplitudes. (The helicity index on the amplitudes is omitted.) The equivalence relations are
The triangle and quadrangle relations are :
for ∆S = 0 decays,
and for |∆S| = 1 decays,
As in the cases of B → P P and V P , these SU(3) F relations can be used in various ways. One obvious application of these relations is to serve as tests of flavor SU(3) symmetry with comparisons of magnitudes of decay amplitudes involved in each polygon relations. These relations may also be used to predict the amplitudes and phases of some of the decay processes from others by constructing the relevant polygons in the same plane. For example, suppose the amplitudes of the decays B + → ρ + ρ 0 , ρ + ω and B 0 → ρ + ρ − , ρ 0 ρ 0 , ωω are known from experimental measurement. Using the relations (9) and (10), two triangles with the same base |A(B 0 → ρ + ρ − )| can be constructed in the same plane. Then by constructing the third triangle of the relation (11), one can determine |A(B 0 → ρ 0 ω)| and the relative phases among the amplitudes of the decays B + → ρ + ρ − , ρ + ω and B 0 → ρ 0 ω up to twofold ambiguity. The ratios of magnitudes of CKM matrix elements can be determined by comparing decay rates between certain ∆S = 0 and |∆S| = 1 modes, such as
Here the top quark dominance in the penguin contributions is assumed. Now we translate each SU(3) F amplitude involved in B → V V decays into the explicit form calculated in the factorization approximation. We find for B → V 1 V 2
where
Here the effective coefficients a i are defined as a i = c (17), one can easily write down in the factorization approximation the amplitude of any B → V V decay mode in the tables. For example, from Table I and the relations (17) , the amplitude of the process B + → ρ + ω can be written as
Decay rates of B → V V have been calculated in the framework of factorization for several years [3, 10, 11, 13] . Those calculations have used specific B → V form factors which are model-dependent. We make a numerical estimation on magnitudes of each SU(3) F amplitudes and SU(3) F breaking effects in the factorization approximation, using the expressions in Eq. (17) . We use two sets of form factors: one based on Bauer, Stech, and Wirbel (BSW) quark model [22] , and the other based on lattice QCD and light-cone QCD sum rules [23] . The form factors are:
(0) = 0.33, (ii) based on lattice QCD and QCD sum rules,
(0) = 0.34 ± 0.06. The values of the decay constants (in MeV) we use are [13, 18] :
We use numerical values of effective WC's at the scale m b given in Ref. [13] . The results are shown in Tables V and VI. Here we have calculated magnitudes of the SU(3) F amplitudes and SU(3) F breaking effects averaged over helicity states for ξ = 0, 0.2, 1/3, and 0.5. For example, the magnitude of the tree amplitude |T (′)V | is given by
In Table V we see, as expected, that the tree contribution T V and the penguin contribution P ′V dominate in ∆S = 0 and |∆S| = 1 decays, respectively, independent of ξ. Among the SU(3) F amplitudes, the singlet contribution S (′)V and the color-suppressed EW penguin contribution P (′)C,V EW are most sensitive to ξ. Since the P (′)C,V EW contribution is usually very small, in factorization the decay rates which include the the P (′)C,V EW contribution are not actually affected by ξ dependence of P (′)C,V EW . However, as we have pointed out above, the S ′V contribution changes very sensitively depending on ξ (e.g., by about two orders in magnitude) and are responsible for strong ξ dependence of certain decay rates like B +(0) → K * +(0) φ. We see in Figure 1 that the combined contribution P ′V + S ′V monotonically increases as ξ increases. Similarly, since the S V contribution is very sensitive to ξ, decay rates of some ∆S = 0 processes such as B + → ρ + φ, B 0 → ρ 0 φ and ωφ are strongly dependent on ξ (e.g., from O(10 −7 ) at ξ = 0 to O(10 −9 ) at ξ = 1/3). The SU(3) F breaking effects in the amplitudes arise from the decay constants, the form factors, and masses of vector mesons, as one can see in Eqs. (21) and (22). For example, taking into accounting the SU(3) F breaking effects, the ratio of T ′V and T V is estimated by
, where λ = V us . An estimation of the SU(3) F breaking effects is shown in Table VI . The breaking effects P ′V (3) and S (3) are relatively large, since in the final state of B → K * φ there are three (anti) s-quarks whose mass difference from the d-quark mass breaks SU(3) F .
In conclusion, we have presented a model-independent analysis based on broken flavor SU(3) symmetry in B → V V decays. Each SU(3) F amplitude involved in B → V V has been translated into the explicit form in factorization and the SU(3) F breaking effects as well as each SU(3) F amplitude have been numerically estimated as a function of the parameter ξ. Various decay modes have been discussed in both the SU(3) F and factorization approaches. Purely based on SU(3) F analysis, we have shown that in ∆S = 0 decays certain decay modes such as B + → ρ + ρ 0 and ρ + ω are expected to have the largest decay rates and so they can be preferable modes to find in future experiment. In B → K * φ which is so far the only B → V V mode having some experimental evidence and an averaged branching ratio BR(B → K * φ) = (1.1
, we have discussed the singlet contribution S ′V in detail in both the SU(3) F approach and the factorization approach, and emphasized the strong ξ dependence of S ′V which hinders a stable prediction of branching ratio for B → K * φ in factorization. We have also suggested a test of suppression of the S ′V contribution in experiment by measuring the branching ratios of B + → K * + ρ 0 and B + → K * + ω decays. To test the factorization ansatz, improved measurements of the branching ratios of the decays B + → K * + φ and B 0 → K * 0 φ as well as measurements of other decay modes will be rather crucial.
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